This paper presents multi-physics modeling of a MR absorber considering the magnetic hysteresis to capture the nonlinear relationship between the applied current and the generated force under impact loading. The magnetic field, temperature field and fluid dynamics are represented by the Maxwell equations, Conjugate heat transfer equations and Navier-Stokes equations. These fields are coupled through the apparent viscosity and the magnetic force, both of which in turn depend on the magnetic flux density and the temperature. Based on a parametric study, an inverse JilesAtherton hysteresis model is used and implemented to the magnetic field simulation. The temperature rise of MR fluid in the annular gap caused by core loss (i.e. eddy current loss and hysteresis loss) and fluid motion are computed to investigate the performance of current-force behavior. A group of impulsive tests were performed for the manufactured MR absorber with step exciting currents. The numerical and experimental results showed good agreement, which validates the effectiveness of the proposed multi-physics FEA model.
Introduction
So far the major drawback of the magnetorheological (MR) absorber in the semi-active control applications lies in the non-linear and hysteresis characteristics [1] .
Therefore, the accurate modelling of the MR damper becomes a vital task to advance its applications. The modelling techniques for the MR damper behavior can be grouped into two categories: phenomenological modelling and physical modelling [2] . Phenomenological modelling itself generally can be grouped into two kinds: parametric modelling and nonparametric modelling. For the parametric modeling, the parameters have physical meanings such as spring, viscous damper, friction elements etc. Several parametric models have been proposed in the literature, including the hysteretic Bingham plastic model [3] , the Bouc-Wen model [3, 35] , the non-linear viscoelastic model [4] , the hysteretic Bi-viscous model [5] and Dahl model [6] . On the other hand, the applications of non-parametric models such as the polynomial model [7] , the generalized sigmoid function model [8] , neural networks [9, 10] , and neuro-fuzzy [11] are limited due to the lacking of physical conceptions. In contrast to phenomenological models, the physical models [12] [13] [14] which can numerically or analytically compute the damping force directly using the geometrical parameters of the MR damper and the material characteristics of the MR fluids.
However, all of the above-mentioned models focus on the non-linear forcedisplacement and hysteretic force-velocity characteristics, the response of current-force was rarely paid attention to. In fact, the nonlinear effects due to the inherent hysteresis of ferro-magnetic material in the process of magnetic field excitation considerably affect the performance of the MR actuators [15] . At the moment the factors that affect the delay phenomenon of current and force can be concluded as: fluid compressibility, ferromagnetic material hysteresis and eddy current. It is noted that the influence of fluid compressibility on the delay phenomenon can be ignored under high velocity [16] .
Therefore, the magnetic hysteresis of the ferro-magnetic material and induced eddy current are the major factors in the nonlinearity of the current-force curves of MR absorber. In this regard, a hysteresis model is required to capture the nonlinear characteristics of the magnetic circuits and incorporate the model into a control algorithm. Studies on implementing the ferro-magnetic hysteresis model into the MR dampers are rather limited in the literatures. An et al [15] implemented the Hodgdon's model into a disc-type MR brake and the results show that the proposed model characterized the hysteresis behavior of the major loop.
Jedryczka et al [17] applied Jile-Atherton hysteresis model into a MR-clutch and successfully estimate the output torque. Instead of hysteresis modelling techniques, Erol et al [18] embedded a Hall-effect sensor in the flux path to measure the magnetic flux across the MR fluid. Although all those work have been useful in modelling ferro-magnetic hysteresis, it is not straight forward to understand the certain aspects of their behaviors. Some phenomena cannot be well explained by the above hysteresis models, such as temperature rise due to energy dissipation, fluid flow and pressure drop within the damper, To address these issues, MR absorbers can be further analyzed using a multi-physics FEA model which is in its capacity to model complex interacting fields such as electromagnetism, heat transfer and fluid dynamics [19] . This state-of-the-art in FEM modelling enables us to understand the internal hysteresis behavior of MR damper prior to experimental work. 
Geometry of multi-coil MR absorber
In view of a MR absorber, the basic assembly components involve the cylinder and control valve: the former is usually filled with MRFs and separated by a moveable piston and the latter is employed to produce the damping effect under the controllable magnetic fields using electromagnetics [20] . To reduce the size, a typical structure of mono-tube MR absorber was designed with the control valve assembled in the piston as shown in figure 1.
During the piston movement, MR fluids in the cylinder pass from compression chamber to extension chamber through the control valve, which causes the damping force proportional to the controllable magnetic field by altering its apparent viscosity. The control valve was designed with four-stage magnetic coils to enlarge the maximum damping force. The guide head which is connected with the piston head aims to avoid the eccentricity during the reciprocation of the MR shock absorber. The test points (A-E) located along the centerline of the working gap are employed to monitor the local magnetic flux densities as shown in figure 8 . The main geometric parameters of the four-coil MR damper are given in table 1 based on the previous work [32] . The assembly components of the manufactured MR absorber are shown in Figure 2 . Please note that the full stroke of the designed MR absorber is 650[mm] and the singular damping movement is less than 600 milliseconds under regular impact loading [21] . 
Magnetic field

Eddy current
Previous numerical integration strategy proposed for the coupled problem was first to solve the set of field equations of the magnetic field, and afterwards apply these results into the fluid problem [22, 23] . It is based on the assumption that the magnetic is invariant in time, which is true when the applied current is constant. However, magneto-rheological devices rarely operates under steady-state conditions, it is important to make the fluid dynamics and magnetic field models interact synchronously subjected to transient operations of electromagnets with varying current intensity. With the magnetic flux ∅ changing in time, the piston (ferro-magnetic material) generates an electromotive force Θ which is the time derivative of the magnetic flux, i.e.
where is the turns of copper wire . The induced electromotive force (EMF) generates eddy currents in the piston and external casing of the MR absorber. An eddy current creates a magnetic field that opposes the target magnetic field and thus the net magnetic flux is reduced, which is identif ied as the principal cause of the slower force increase or decrease than that of the input current as the MR damper switches between its passive and active modes [16] . To better understand the influence of the eddy current on the resultant magnetic flux density, a finite element simulation concerning variable magnetic fields was performed based on the COMSOL Multi-physics software. The dependent variable in this physics is the azimuthal component of the magnetic vector potential , which in frequency domain obeys the relation:
where ω is the angular frequency (2 ), σ is the electric conductivity, is the magnetic permeability, ε is the electric permittivity, and denotes the current density due to an external source; is the density and is a constant called the skin depth that is defined as the depth below the surface of the conductor at which the current density decays to about 0.37 of the current density on the surface. shown in figure 3 . One possibility to reduce the eddy current by simple geometric modification has been deemed ineffective [16] . However, regardless of eddy current, overshooting current intensity steps may be an option to achieve the desired net magnetic flux density in the fluid region. The ways to eliminate the eddy current remain open to further study. To fully capture the phenomenon of the dynamic hysteresis loss, a precise modeling of the ferro-magnetic materials is a prerequisite.
Among the existing hysteresis models, the Jiles -Atherton model is widely used due to its relative simplicity and ease in numerical implementation [24] . In the original JilesAtherton model [25, 26] 
where ( To test the inverse Jiles-Atherton model, the alternating current (AC) is applied on each electromagnetic coil by Therefore, the hysteresis phenomenon of ferro-magnetic material is important to be taken into account for capturing precise nonlinear characteristics of both MR fluids and the magnetic circuit in real-time. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 form of the energy conservation law using Gauss's theorem can be given by
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The heat source is separated into two parts: the eddy current and the hysteresis loss ℎ . In the case of a harmonic electromagnetic loading, the heat source term can be written as,
where is the induced current density in the 
where the coefficient ℎ depends on the material and knows as Steinmetz exponent may varies from 1.5 to 2.5.
To investigate the thermal effect of MR damper due to the inductive heating and hysteresis loss dissipation, the equations ( Thus the thermal effect on the MR fluid should also be considered under impact loading though the total processing time is less than 600 milliseconds. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
where is the external heat source generated by the resistive heating of the exciting current 
Please note that the temperature field and the heat flux are continuous at the fluid/solid interface. However, the temperature field may rapidly vary in a fluid due to the motion, which means that close to the solid, the fluid temperature is close to the solid temperature and far from the interface, the fluid temperature is close to the ambient fluid temperature.
Fluid dynamics
Before proceeding with the formulation and implementation of the coupled model, it seems necessary to summarize the different field [29] . Considering the temperature effect on the performance of the MR fluid, the viscosity gradually declines as the temperature rises within -40~100[℃] and after the temperature exceeds 100[℃] , the change of viscosity becomes irregular, which leads to unstable damping performance [30] .
Indeed, the fluid viscosity is significantly a function of the composition and chemistry of the carrier oils. Therefore, in the absence of the external magnetic field, MR fluid exhibits Newtonian fluid-like behavior and only temperature influences its apparent viscosity .
In the presence of the external magnetic field, the apparent viscosity of MR fluid under shearing flow model can be described through modified Bingham plastic model,
One may note that, the MR fluid is modeled in the typical manner for nonNewtonian fluids with variable viscosity which takes temperature effect into consideration. In such a way that the nondifferentiability problem can be transferred to a close approximation of nonlinear multiphysics interaction process.
For a suspension of non-interacting spherical particles, the dipole interactions allow the formation of particle columns and the increase of the viscosity. It is important to deliberate the magnetic force, so that we can understand the physical mechanisms governing the dynamics of MR particles.
Under an inhomogeneous magnetic field, the magnetic force on the dipole is determined
where 0 is the permeability of free space, M is the magnetization vector, and H is the However, for dilute suspensions with low number , the equation (13) can be further transformed to the linear form [31] = (0.668 + 0.961)
where is the susceptibility of the particles, is the particle diameter and is the volume fraction of the particles. By substituting for M, using the vector identity,
And noting the Ampere's law cancels out the curl of the applied field ( ∇ × = 0 ), equation (12) can be reduced to
Using the constitutive relation (relation between magnetic flux density and magnetic field vector), the magnetic induction vector in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the form can be written as
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The finite element software COMSOL solves for a magnetic vector potential, A, such that the magnetic flux density can also be defined as the curl of the magnetic vector potential (∇ × = ). For the axisymmetric 2-D dimensions, A only has a -component, thus its curl can be written in index notation as,
From the above equations (12)- (18), the magnetic force can be expressed by
This multi-physics FE model is becoming 
(∇ + ( ) ) (Viscous heating) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 yield stress, which acts as semi-active 'lock' to control the fluid velocity as well as pressure.
Therefore, the transient variation of apparent viscosity in the 'active' area tends to dominate the fluid veloc ity and pressure, as shown in figure 12 (a) . On the other hand, the velocity profile (or pressure drop) is still affected by the transient apparent viscosity with the remnant magnetic flux density, as indicated in figure 12 (b) . So the output damping force of MR absorber always lags behind the input exiting current.
In addition, figure 13 shows the currentforce curves to compare the results of those without hysteresis and those of inverse JilesAtherton predications.
Obviously, the response of the damping force lags behind the exciting current due to the hysteresis of ferromagnetic material. In addition to the different trajectories, the amplitude of the damping force is smaller compared to the case without hysteresis. This might be caused by the rise of the temperature inside the fluid gap. As shown in figure 14 , the temperature of MR fluid tested at r=19.25mm, z=132.5mm goes up significantly with the increment of input velocity. Also the increased exciting current accelerates the increasing rate of temperature rising. Thus the apparent viscosity of the MR fluid shows decreasing trend with increasing temperature. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 [33, 34] . However, due to external influences (humidity, temperature, burning rate, etc), the impact force becomes highly nonlinear and unstable, resulting in the difficulty of normalizing. To simplify the expression caused by the impact load, the output velocity � based on the experimental data were normalized versus the time as shown in figure 15 . The output velocity of the recoil 
The fitting parameters are given in table 3.
Please note that the impact force dominates the movement of the recoil mass and the damping force produced by the MR absorber is very small compared to the impact load in the first phase period. Figure 16 shows the step response of magnetic flux density which is measured in the MR fluid gap at r=19.25mm, z=132.5mm. is defined as the required time to set up the constant current density due to external current driver or controller. It is apparent from the Figure 16 that as it was expected, the response of the magnetic field lags behind the step exciting current due to the inherent hysteresis of ferro- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
Conclusion
In this paper, a multi-physics FEM model with hysteresis phenomenon is proposed to study the dynamic characteristics of a MR absorber. It can be stated that such a model is a promising tool for designing a MR absorber in order to optimize its overall performance and save experimental time and costs. The results obtained in this work can be summarized as:
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